Mutations in NIPA1 cause Hereditary Spastic Paraplegia type 6, a neurodegenerative disease characterized by an (upper) motor neuron phenotype. Deletions of NIPA1 have been associated with a higher susceptibility to amyotrophic lateral sclerosis (ALS). The exact role of genetic variation in NIPA1 in ALS susceptibility and disease course is, however, not known. We sequenced the entire coding sequence of NIPA1 and genotyped a polyalanine repeat located in the first exon of NIPA1. A total of 2292 ALS patients and 2777 controls from three independent European populations were included. We identified two sequence variants that have a potentially damaging effect on NIPA1 protein function. Both variants were identified in ALS patients; no damaging variants were found in controls. Secondly, we found a significant effect of 'long' polyalanine repeat alleles on disease susceptibility: odds ratio 5 1.71, P 5 1.6 3 10
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is an invariably fatal motor neuron disease. It is characterized by the selective demise of motor neurons in the brain and the spinal cord, leading to spasticity and muscle weakness. To date, there is no curative therapy and patients usually succumb to respiratory failure within 5 years after the onset of symptoms (1) . The majority of patients has no family history of the disease and are said to be sporadic. Although there is increasing evidence that genetic risk factors contribute to pathology in sporadic ALS (2 -4) , few wellestablished susceptibility genes have been identified. Likewise, little is known about genetic factors that determine the age at onset of the disease and the rate of disease progression. † The authors wish it to be known that, in their opinion, the first 2 authors should be regarded as joint First Authors. ‡ The last two authors should be regarded as joint Last Authors. * To whom correspondence should be addressed at: Department of Neurology, UMC Utrecht, Heidelberglaan 100, 3584CX, Utrecht, The Netherlands. Tel: +31 887555555; Fax: +31 302542100; Email: l.h.vandenberg@umcutrecht.nl Recently, we reported results from a genome-wide study, suggesting that rare deletions of NIPA1 (non-imprinted in Prader-Willi/Angelman syndrome 1, MIM ID 608145) increase the risk of ALS (5) . Mutations in NIPA1 are known to cause Hereditary Spastic Paraplegia (HSP) type 6, a neurodegenerative disease characterized by an (upper) motor neuron phenotype, and cause progressive paralysis in animal models (6, 7) . NIPA1 is, therefore, a plausible candidate gene from a genetic and biological point of view.
The 5 ′ -end of NIPA1 contains a polyalanine repeat of 12 -13 alanine residues. The majority of this repeat is encoded by a polymorphic (GCG) n repeat, with GCG 7 and GCG 8 being the most frequent alleles (allele frequencies of 0.20 and 0.78 respectively) (8) . Several disease phenotypes are caused by polyalanine expansions in other genes, such as oculopharyngeal muscular dystrophy and Ondine syndrome (9) . Recently, repeat expansions in C9ORF72 and ATXN2 have been described as important risk factors for ALS (2, (10) (11) (12) (13) . The effect of NIPA1 polyalanine repeat expansions or contractions has, however, not been studied before.
To characterize the effects of genetic variation in NIPA1 on ALS pathogenesis, we carried out a large genetic association study in three European populations. We systematically sequenced all coding sequences and genotyped the polyalanine repeat in the first exon using an in-house developed assay.
RESULTS
Our analyses included 2292 ALS patients and 2777 unaffected controls from The Netherlands, Germany and Belgium (Table 1) .
In the mutation screen, we identified 12 unique, nonsynonymous sequence variants in 13 individuals: 7 in sporadic ALS patients and 6 in controls ( Table 2) . Ten of the 12 are predicted to be benign variants, while 2 are predicted to be damaging. The latter were identified exclusively in patients. These include an I81T (ATT ACT) substitution in exon 3, and P221L (CCG CTG) in exon 5. While variants (both damaging and benign) in NIPA1 are more prevalent in ALS patients compared with controls, this did not reach statistical significance (P ¼ 0.20 for damaging variants, P ¼ 0.36 for nonsynonymous variants, one-sided Fisher exact test). We did not find mutations in 70 familial cases. The patients with damaging mutations did not have an HSP phenotype.
We then genotyped a polymorphic GCG repeat in our study population, which is located in the first exon of NIPA1. Consistent with previous reports (8), the two most frequent alleles in the control population are (GCG) 7 and (GCG) 8 , with allele frequencies of 0.22 and 0.75, respectively (Supplementary Material, Table S1 ). Shorter and longer repeat lengths are very rare in controls, with (GCG) 10 being the most prevalent with an allele frequency of 1%. To determine whether the polyalanine repeat length was associated with ALS disease status, we first tested if the allele frequencies differed between patients and controls. The allele frequency differed significantly between patients and controls (P ¼ 3.6 × 10
24
, Cochran -Mantel -Haenszel test), without heterogeneity across the different populations (Woolf test, P ¼ 0.75).
To evaluate the effect of short or long repeat length, we trichotomized individuals as either 'normal' ((GCG) 7 or (GCG) 8 ), 'short' (carriers of alleles containing ,7 GCG repeats) or 'long' (carriers with alleles containing .8 GCG repeats). Logistic regression analysis revealed a significant effect of 'long' GCG repeat length on susceptibility: P ¼ 1.6 × 10
, OR ¼ 1.71, 95% CI ¼ 1.30 -2.26 (Table 3) . This effect was consistent throughout the three analyzed populations (OR ¼ 1.68, 2.09 and 1.22 for the Dutch, German and Belgian populations, respectively). The effect of short alleles was not significant.
We then examined the effect of the GCG repeat length on survival and on age at onset of the disease. For the survival analyses, data were available for Dutch and Belgian populations. Carriers of a long GCG repeat had shorter median survival (29.8 months) compared with carriers of normal (32.8 months) GCG repeats [P ¼ 4.2 × 10
, hazard ratio (HR) ¼ 1.60, 95% CI ¼ 1.23-2.06; Table 4 , Fig. 1A , Supplementary Material, Fig. S1 ]. There was no clear effect of repeat-length differences on survival in the Belgian population. Because there was evidence of some non-proportionality in the survival analyses with regard to the covariable age at onset only, we additionally analyzed survival using a non-parametric analysis of the effect of NIPA1 polyalanine repeat length on survival using weighted Cox regression. This produced similar results: a significant effect of 'long' alleles on the disease duration (P ¼ 2.5 × 10 25 , HR ¼ 1.63, 95% CI ¼ 1.30 -2.04). Our analyses also revealed a significant effect of the GCG repeat length on the age at onset of symptoms in ALS patients. The median age at onset of the disease was 58.3 years for carriers of a long GCG repeat, compared with 61.9 years for carriers of normal alleles (P ¼ 4.6 × 10 23 , HR ¼ 1.37, 95% CI ¼ 1.10 -1.71; Table 5 The GCG repeat length was not associated with the site of onset in ALS patients. Bulbar onset occurred in 8, 29 and 28% for carriers of the short, normal and long GCG repeat, respectively (P ¼ 0.13, OR ¼ 4.9, 95% CI ¼ 0.62 -38.7 for the short repeat and P ¼ 0.8, OR ¼ 1.06, 95% CI ¼ 0.62-1.74 for the long repeat).
DISCUSSION
Our data show that NIPA1 alleles with a long-polyalanine repeat length confer an increased risk of ALS, and are associated with short survival and, independently, with a younger age at onset of the disease. Together with previous data from a genome-wide scan for rare copy number variant which suggested that rare deletions of NIPA1 are associated with ALS (5), our current data add support to NIPA1 being a modulator of susceptibility and disease course in ALS. This is the first example of a genetic variant that increases the susceptibility to the disease as well as modulating the disease onset and survival.
We tested three independent European study populations for susceptibility, patient survival and age at onset of disease. The effects of NIPA1 repeat length on susceptibility and on the age at onset of symptoms show similar effects in the three tested populations. The effect on survival, however, is determined mainly by the Dutch population, possibly explained by the modest sample size of the Belgian population. The possibility of selection bias as an explanation for the different results cannot be ruled out, knowing that the recruitment of the Dutch population was done in a population-based sample, while this was not the case in the Belgian and German populations. However, the overall effect appears to be robust, and further studies will have to show whether the pathogenic effect of NIPA1 polyalanine expansions on disease duration also exist in other (non-European) populations.
Mutations in NIPA1 are known to cause motor neuron phenotypes in humans as well as in animals (6,7). Polyalanine expansions, however, in NIPA1 have not previously been associated to disease and their biological effects are unknown. In vitro studies have shown that NIPA1 is an inhibitor of bone morphogenetic protein (BMP) signaling. NIPA1 interacts with the type II BMP receptor (BMPRII) and promotes its degradation through endocytosis and lysosomal degradation. HSP-associated mutants of NIPA1 are less efficient at promoting BMPRII degradation than wild-type NIPA1 (14) . Regulation of BMP signaling by NIPA1 in Drosophila is critical for the regulation of synaptic growth and axonal microtubules (15) . Thus, loss-of-function NIPA1 mutations or NIPA1 polyalanine expansions may result in defects in synapse and axon development.
Polyalanine peptides undergo various levels of conformational transition from monomeric alpha-helix to macromolecular beta sheets, which is dependent on the repeat length (9) . Polyalanine peptides longer than 15 residues are completely converted to a beta sheet (16) . In our study, we found long, but not short polyalanine repeat lengths to be harmful, and short polyalanine repeats even showed a trend towards milder phenotypes. Therefore, the mechanism of increased propensity of protein aggregation is compatible with our results.
Taken together with recent findings that intronic hexanucleotide expansions in C9ORF72 and polyglutamine repeat expansions in ATXN2 are associated with ALS (2,10,11), NIPA1 is the third gene harboring an ALS-associated repeat expansion. It is unclear whether the biological functions of the affected genes or the repeat expansions per se determine the effect on ALS risk. A recent screening of several polyglutamine repeat-containing genes did not show associations with ALS (17), indicating that the biology of the affected genes, rather than the presence of repeat expansions per se, determine the effect on ALS risk. However, the recent discovery of repeat expansions in C9ORF72, a non-coding region, may suggest otherwise. The question remains how many other ALS-associated repeats remain to be discovered, since this type of variation is difficult to capture even with nextgeneration sequencing techniques. Our mutation screen identified two heterozygous mutations in ALS patients with a potentially damaging effect on NIPA1 protein function, while no damaging mutations were found in controls. The two identified mutations did not include the known HSP-associated mutations T45R (6), G106R (18, 19) and A100T (20) . While we cannot exclude the possibility that NIPA1 mutations may be a risk factor for ALS, the rarity of these mutations precludes meaningful statistical analyses. Mutation analyses in other study populations may be useful in order to reveal the true meaning of these mutations in ALS pathogenesis.
In conclusion, our data support an important role of NIPA1 in ALS pathogenesis and as a modulator of disease progression. Our findings point to the BMP signaling cascade as a new target for follow-up studies and may ultimately lead to the development of new treatment strategies.
MATERIALS AND METHODS

Subjects
For this study, we included patients and controls from The Netherlands, Germany and Belgium. These study populations have been described in detail elsewhere (5). In short, Dutch patients and controls were recruited in the national referral center for motor neuron diseases in the outpatient clinic of the University Hospital Utrecht, and as part of a nation-wide prospective study on motor neuron diseases in The Netherlands. German participants were recruited in the Departments of Neurology of the University Hospital in Ulm, Charite University Hospital in Berlin and University Hospital in Tuebingen. Belgian participants were recruited in the Department of Neurology of the University Hospital Gasthuisberg in Leuven. In addition, we analyzed 70 Dutch patients from 62 families with familial ALS, without known mutations in SOD1, VAPB, ANG, FUS, TARDBP, VCP, OPTN and CHMP2B. The relevant medical ethical committees approved all procedures and all participants gave written informed consent.
Sequencing and fragment-length analysis
Sequencing was performed using modifications of protocols described elsewhere (21, 22) . Polymerase chain reaction (PCR) primers were designed to cover all exonic and flanking sequences in five amplicons (Ensembl transcript ID ENST00000337435, Supplementary Material, Table S2 ). PCR set-ups had to be optimized for each amplicon and are available upon request. All amplicons except exon 2 were amplified using Long PCR Enzyme Mix (Fermentas, Germany). The PCR products from these reactions were used as template for sequencing reactions using BigDye chemistry (v3.1, Applied Biosystems, USA). The PCR product from exon 1 was purified and diluted before sequencing. Purified sequence product was then analyzed on 96-well 3730XL capillary sequencers (Applied Biosystems). Sequence data were analyzed for polymorphic positions using PolyPhred software for further analysis (23) . We disregarded known singlenucleotide polymorphisms (dbSNP build 129) and silent mutations in our analyses. All identified sequence variants were confirmed by independent PCR and sequencing reactions. The functional impact of identified variants was predicted using the PolyPhen software (http://genetics.bwh.harvard. edu/pph/). Genotyping of the GCG repeat in the first exon was done using fragment analysis with fluorescent-labeled primers. The region containing the GCG repeat was amplified in a PCR reaction on genomic DNA, using a 6FAM-labeled fluorescent forward primer. The amplicon was PCR amplified in a reaction mixture of 10 ml containing 0.4 ml long-range Taq polymerase (Long PCR Enzyme Mix), 200 nM dNTPs, 100 nM forward and reverse primer, 5% dimethylsulfoxide, 1 ml PCR buffer with MgCl 2 (Long PCR Enzyme Mix) and 50 ng of genomic DNA. PCR reaction conditions were as follows: 4 min initial denaturation at 958C; 35 cycles at 948C for 20 s, 558C for 30 s, 688C for 4 min and 688C for 10 min. The PCR products were diluted 1:90 in milli-Q and transferred to a formamide solution containing a GS500-ROX ladder. Fragment analysis was performed on an ABI 3730 automated sequencer (Applied Biosystems). Finally, fragment length was determined with GeneMapper version 3.7 (Applied Biosystems).
To determine the performance of our assay, we compared repeat-length data acquired with our fragment analysis assay with sequence data of 738 individuals (1476 alleles). One thousand four hundred and forty-four of 1476 alleles had identical repeat lengths (97.8% agreement). In addition, all individuals with alleles other than the most common alleles ((GCG) 7 and (GCG) 8 ) were analyzed in repeated experiments by sequencing and with fragment analysis.
Statistical analyses
All statistical procedures were carried out in R 2.10.1 (http:// www.r-project.org). For association analyses, Fisher's exact test, Cochran -Mantel -Haenszel test (including the Woolf test, to test for possible heterogeneity among the included populations) and logistic regression were applied. In the logistic regression analyses, the effect of the polyalanine repeat length on the disease status was tested with gender, age at onset and country of origin (for combined analyses) as covariates. Effect on age at onset of the disease and the duration of the disease from onset of symptoms to death were tested using multivariate Cox regression, with gender, site of onset (spinal or bulbar), country of origin and (for survival analyses) age at onset as covariates. Additionally, after checking the proportional hazards assumption through the scaled Schoenfeld residuals, we tested the effect on disease duration using weighted Cox regression with the 'coxphw' package version 1.3. We applied logistic regression to test for an association between repeat length and the site of onset (bulbar versus spinal), correcting for gender and country of origin.
